We present a pilot study of Galactic globular cluster (GC) proper motion (PM) determinations using Gaia data. We search for GC stars in the Tycho-Gaia Astrometric Solution (TGAS) catalogue from Gaia Data Release 1 (DR1), and identify five members of NGC 104 (47 Tucanae), one member of NGC 5272 (M 3), five members of NGC 6121 (M 4), seven members of NGC 6397, and two members of NGC 6656 (M 22). By taking a weighted average of member stars, fully accounting for the correlations between parameters, we estimate the parallax (and, hence, distance) and PM of the GCs. This provides a homogeneous PM study of multiple GCs based on an astrometric catalogue with small and well-controlled systematic errors and yields random PM errors similar to existing measurements. Detailed comparison to the available Hubble Space Telescope (HST) measurements generally shows excellent agreement, validating the astrometric quality of both TGAS and HST. By contrast, comparison to ground-based measurements shows that some of those must have systematic errors exceeding the random errors. Our parallax estimates have uncertainties an order of magnitude larger than previous studies, but nevertheless imply distances consistent with previous estimates. By combining our PM measurements with literature positions, distances, and radial velocities, we measure Galactocentric space motions for the clusters and find that these also agree well with previous analyses. Our analysis provides a framework for determining more accurate distances and PMs of Galactic GCs using future Gaia data releases. This will provide crucial constraints on the near end of the cosmic distance ladder and provide accurate GC orbital histories.
1. INTRODUCTION Accurate distances and space motions of Galactic globular clusters (GCs) are difficult but incredibly valuable to measure: improved constraints will have implications for the origin and evolution of the clusters themselves, for the structure of the Milky Way (MW), and for the fine-tuning of cosmological models.
The prevailing theory for the origin of the MW's GC population is that some GCs were formed outside of the MW and later accreted while the rest were formed in situ (e.g., Mackey & Gilmore 2004) . The different origins and histories for the accreted and in-situ populations will manifest in their orbits (e.g., Zhu et al. 2016 ) and imprint on their internal dynamics (e.g., Webb et al. 2014; Zocchi et al. 2016 ), so determining which GCs belong to which population and analysing the differences between them will advance our understanding of cluster formation and evolution.
Moreover, accurate six-dimensional phase-space information for the GCs will allow us to constrain cluster orbits (e.g., Küpper et al. 2015) , which will indicate which clusters have been most affected by tides and if any known GCs could be the missing progenitors of tidal streams whose origin is unknown. Cluster orbits will also be beneficial in constraining the inner shape of the Galactic halo (e.g., Pearson et al. 2015) .
Local GCs populate the short end of the cosmological distance ladder, so improved distances will provide important cosmology-independent verification for cosmological models (Verde et al. 2013) . Distances are also a key ingredient in GC age determination using the luminosity of the main-sequence (MS) turn off (e.g. Chaboyer 1995) and currently, the distance lwatkins@stsci.edu uncertainties in such analyses dominate over other sources of error. Accurate GC ages are of special interest as GCs are among the oldest objects in the universe for which ages are known and so help to constrain the age of the universe (e.g., Krauss & Chaboyer 2003) .
Not only are distances and proper motions (PMs) useful measurements to have, but multiple measurements, using different data types and analysis methods, improve accuracy and ensure that the measurements are not biased. GC distances are typically estimated photometrically using "standard candles", such as RR Lyraes or the position of the horizontal branch (HB). However, it is also possible to estimate distances from kinematic data by comparing line-of-sight velocity and PMs measurements. In Watkins et al. (2015a) , we estimated dynamical distances for 15 Galactic GCs using the Hubble Space Telescope (HST) Proper Motion (HSTPROMO) 1 GC catalogues (Bellini et al. 2014 ) and compared them to the photometric distance estimates compiled in Harris (1996 Harris ( , 2010 edition, hereafter H96). Overall we showed that the two very different methods of distance estimation agreed very well, implying that both methods are robust and unbiased, however, a further comparison against parallax distances will provide a useful additional test.
Absolute PMs have previously been measured from the ground for 63 Galactic GCs (Dinescu et al. 1997 (Dinescu et al. , 1999b (Dinescu et al. ,a, 2003 Casetti-Dinescu et al. 2007 2 as part of the Southern Proper Motion (SPM) Program. These measurements are heterogeneous as the method used to correct the PMs to an inertial reference frame varied from cluster to cluster. Also, in some cases, the measurements represent a combination of multiple determinations (by including other PM determinations from other ground-and space-based sources) and not a single determination. Nevertheless, independent PM measurements for these GCs will be incredibly helpful to verify their accuracy and to assess the consistency of the different methods.
Gaia will provide five-parameter astrometric solutionspositions, parallaxes, and PMs -for objects brighter than ∼ 20 mag, so it will be tremendously useful for analysing both internal and global PMs for Galactic GCs and their distances 3 . PM and parallax are both degenerate, and a sufficiently long baseline is needed to disentangle the two; at the time of the first Gaia data release (DR1, 2016 September, Gaia Collaboration et al. 2016 , parallaxes and PMs were not measurable with Gaia data alone. The first Gaia-only PM measurements are projected for release in late 2017 and the final (and most accurate) PMs will be released only in 2022. However, by crossmatching the Gaia catalogue with the Hipparcos Tycho2 catalogue (Høg et al. 2000) , it is possible to measure PMs (and parallaxes) for stars in both datasets: the Tycho-Gaia Astrometric Solution (TGAS, Michalik et al. 2015; Lindegren et al. 2016) . Combining Tycho2 and Gaia data together offers an extended baseline for PM studies that has made PM analyses achievable for a few million stars with the Gaia DR1. Although not ideally suited to dynamical studies of objects within the Local Group, TGAS has already been used to measure the rotation fields of the Magellanic Clouds (van der Marel & Sahlmann 2016) and to measure the space motion of GC NGC 2419 (Massari et al. 2017 ). Here, we search for Galactic GC stars in the TGAS catalogue. This is a pilot study based on the limited information currently available. We hope that our methods can serve as a template for studies with future Gaia data releases, which will have more stars and will yield higher accuracy PM results.
We outline our cluster-member determination in Section 2, present our parallax and PM results in Section 3, discuss the implied space motions and orbits of the clusters in Section 4, and conclude in Section 5.
CLUSTER MEMBERSHIP DETERMINATION
To determine likely GC members, we search for stars that are close to a GC centre on the plane of sky and then check for consistency with previous PM and parallax estimates and typical GC isochrones. We also wish to consider predictions for the PMs, parallaxes, and photometry expected for MW stars along the line of sight of the GC to rule out contaminants.
Proximity
To estimate how many Galactic GC stars may exist in the TGAS catalogue, we count the number of stars found within some limiting radius from the centre of each GC on the plane of the sky. We begin with the H96 Galactic GC catalogue from which we extract cluster centre coordinates, concentrations, and core radii. Although the catalogue contains data for 157 Galactic GCs, we were only able to proceed with 156 GCs, since Pyxis has no concentration or core radius estimate listed.
We use the concentrations c and core radii R core to estimate the tidal radii R tidal of the GCs via
This is not generally considered to be a robust method of tidalradius determination and is likely to underestimate the true extent of a GC. These tidal radii estimates assume an underlying King profile, however, GCs are generally better fit by Wilson models (e.g., McLaughlin & van der Marel 2005) , which are still finite in extent but are more extended than King models. Furthermore, a GC that is tidally disrupting may have member stars outside of its formal tidal radius. However, this method is sufficient for our purposes, which is simply to estimate the approximate extent of the clusters on the plane of the sky.
To mitigate the possibility of underestimating the true extent of the cluster, we adopt 2R tidal as the limiting radius within which to search for GC members. Then, for each GC in turn, we extracted all stars within 2R tidal of the cluster centre from the TGAS catalogue. We did this for all 156 GCs with no cuts on heliocentric distance, magnitude, or central velocity dispersion (all of which could affect the likelihood that a star close to the centre in projection is a true cluster member). In total, we identified 4268 stars within 2R tidal of the centre of a GC across 142 clusters.
Distance and Extinction
Some of these clusters are relatively far away and others are in regions of high extinction, so it is likely that true GC members will be rendered too faint for detection with TGAS. So we wish to determine the expected apparent magnitude of the brightest star in any given GC and then the number of observed stars fainter than this limit.
To do this, we select the V T magnitude from the Tycho2 catalogue or the H p magnitude from the Hipparcos catalogue for each star, depending on the original catalogue of origin. Although there is not a perfect correspondence, both Hipparcos H p and Tycho2 V T can be approximated by the HST F555W filter, for which we have isochrones and extinction coefficients. We then take a typical GC isochrone from the Dartmouth Stellar Evolution Database (Dotter et al. 2008 ) with metallicity [Fe/H] = −1.5 dex, alpha-element abundance [α/Fe] = 0.2 dex, and age A = 11 Gyr, and estimate the brightest magnitude that the isochrone reaches.
For each cluster, we adjust the tip magnitude of the isochrone for GC distance and extinction along the line of sight using distance moduli calculated using distances from H96, extinctions also from H96, and extinction coefficients from Sirianni et al. (2005) . To allow for magnitude uncertainties, we set the limiting magnitude at 0.5 mag brighter than the distance-and extinction-corrected tip of the isochrone and count the number of stars fainter than this limiting magnitude. We perform a more careful photometry check on our GC member candidates in Section 2.5, this rather crude preliminary cut is intended to remove distant and highly extincted clusters from further consideration. After these cuts, we are left with 967 stars across 30 clusters; the most distant of these clusters lies at 10.3 kpc.
Parallax and Proper Motion
To determine which of these stars are likely to be cluster members, we wish to identify which stars have parallax and PM measurements that are consistent with previous measurements for their nearby cluster.
TGAS provides parallaxes and PMs (µ α * , µ δ ) for each star, along with uncertainties for each and correlation coefficients among the parameters, from which we can construct a full 3-dimensional covariance matrix.
For the GCs, we adopt distances from H96, which we then invert to determine parallax estimates. The H96 distances have no formal error bars, so we adopt errors of 10% on our parallax estimates. For PM measurements, we use values from the compilation described in CD13 and earlier papers, which themselves come from a variety of sources and are sometimes averages of multiple measurements. Only 26 of the 30 clusters with GC member candidates have PM measurements in this compilation and so only these 26 GCs can be evaluated here.
For each cluster, we calculate the probability for the nearby stars of being a cluster member. For a star i with parallax and PM measurements m i and covariance C i , we ask what the likelihood L µ,i is that this star is a member of a GC with measurements m GC and covariance C GC ,
which is a standard 3-dimensional Gaussian. To construct the GC covariance matrix C GC , we assume that the errors are uncorrelated, so the diagonal terms are the squared uncertainties on the parallax and PM measurements and the off-diagonal elements are zero. We further add the GC velocity dispersion (H96) in quadrature to the PM terms to account for the expected spread in velocities. This likelihood calculation assumes that all stars selected near the cluster are equally likely to be members, but this is not the case. Stars close to the cluster centre of the cluster are more likely to be members than stars near to the 2R tidal boundary, so we also calculate the likelihood of a star i with coordinates (α i , δ i ) being a member of the GC with centre
where we use σ = 1 2 R tidal to account for the approximate extent of the cluster. The uncertainties of the cluster centre coordinates and of the positions of the stars are negligible compared to the extent of the cluster, so we neglect the measurement errors in this calculation.
GC projected number density profiles are, of course, highly non-Gaussian, however, the profiles in the outer regions of GCs are largely uncertain due to effect of tides and the scarcity of data there. This Gaussian weighting suffices to down-weight stars found further away from the cluster centre. Also note that we have used unnormalised Gaussians here, as we are mostly concerned with how many tidal radii the star is away from the cluster centre, rather than the tidal radius itself. That is, a star 1R tidal from the cluster centre should have the same L αδ,i in all clusters, regardless of the value of R tidal .
Finally, we can calculate the total likelihood that the star is a member of the cluster L i = L µ,i × L αδ,i . We keep all stars with L i > −11 as possible cluster members.
5 This selects 64 stars across 15 clusters. All of the identified candidates are Tycho2 stars, no Hipparcos stars remain in our sample.
Radial Velocities
As a further test for membership, we check whether the candidate cluster members have radial velocities (RVs) consistent with cluster membership. We cross-match our stars with the RAdial Velocity Experiment (RAVE, Kunder et al. 2017) catalogue to extract RVs and find 15 stars in common between our high-likelihood sample and RAVE. Using RV and velocity dispersion estimates from H96, we sigma-clip the sample at 3σ and reject five stars.
This 
Photometry
Many of the identified clusters are classified as disk or bulge clusters, so it is likely that some stars identified as possible members are disk or bulge stars along the line of sight to the cluster. Furthermore, it is likely that high reddening would have made cluster stars too faint for detection with Tycho2. So the next step is to assess whether the stars are photometrically consistent with their nearest cluster. To do this, we wish to investigate whether the identified stars are consistent with an old isochrone at the known distance, reddening, and metallicity.
Once again, we cross-match with the Tycho2 catalogue to extract B T and V T magnitudes, which are very close to the Johnson B and V magnitudes. We then extract representative isochrones for each cluster from the Dartmouth Stellar Evolution Database (Dotter et al. 2008) . To do this, we assume an α-element abundance [α/Fe] of 0.2 dex and an age of 11 Gyr, and use [Fe/H] metallicities from H96 rounded to the nearest 0.5 dex. We adjust the isochrone magnitudes for distance (using distance moduli calculated from distances in H96), and correct the observed magnitudes for extinction using reddening values from H96 and extinction coefficients from Sirianni et al. (2005) , using the F435W filter to approximate B T and the F555W filter to approximate V T .
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As an example, in Figure 1 , we show distance-corrected isochrones for NGC 6656. Results for the other 14 clusters are given in Appendix A. The solid line shows the isochrone with cluster [Fe/H], the dashed lines show the isochrones at ±0.5 dex, and the dotted lines show the isochrones at ±1 dex. The TGAS stars identified as possible members are shown as coloured points, with their colours representing their likelihood of membership based on their position, parallax, and PM, from orange (high) to blue (low). TGAS stars already ruled out as members (and so likely MW foreground stars) are shown in black.
From a visual inspection of the resulting isochrones for each cluster, we find that the candidate cluster members in NGC 4833, NGC 6362, NGC 6723, and NGC 6779 are all significantly offset from the isochrones and so we remove these from further consideration. We also reject 1 star in NGC 6254, 2 stars in NGC 6656, 1 star in NGC 6752, and 3 stars in NGC 6838 that are all significantly bluer than the expected cluster isochrones. The other stars remain promising candidates, and we still have 48 possible members across 11 clusters.
Besançon Simulations
As a final test, we wish to compare the velocities of the TGAS stars against predictions from the Besançon simulations (Robin et al. 2003) ; these simulations serve as a prediction for what the population of field stars should look like -both photometrically and kinematically -along the line of sight to any given cluster.
We selected stars from the Besançon simulations using the webtool provided, and we found that all of the default inputs were suitable for our purposes. We used the small-field option to select stars and used Galactic longitudes and latitudes from H96 to identify the cluster centres.
As an example, in Figure 2 , we show 2D projections of the parallax, RA PM and Dec PM space for NGC 6656. Results for the other 10 clusters are given in Appendix A. The red stars indicate the H96 distance inverted to calculate a parallax and the PMs from CD13. The coloured points are the candidate cluster members from TGAS, coloured according to their probability of membership from orange (high) to blue (low). The black points are TGAS stars selected inside 2R tidal rejected as cluster-member candidates (and so likely MW field stars). The grey points show the predictions for the MW field population from Besançon simulations. Note that the error bars are not aligned with the axes, as we have incorporated the correlation terms in the five-parameter astrometric solution provided in the TGAS catalogue. The error bars show the major and minor axes of the 2D projection of the full covariance matrix. In the top-right corners, we show sky position maps for the TGAS candidate cluster members (coloured points) and the TGAS field stars (black points) relative to the centre of the cluster (red star). The red dotted lines marks the tidal radii R tidal , and the black dotted lines mark 2R tidal . We find that both the photometric and kinematic properties for 6 of the remaining 11 clusters are consistent with the Besançon predictions for the field-star population, and the other TGAS stars in the respective fields, which are also assumed to be field stars. In all cases, we cannot be confident that we have truly selected cluster members and not field stars, and so we remove these clusters from further consideration. The removed clusters are: NGC 5139, NGC 6218, NGC 6254, NGC 6752, NGC 6809, and NGC 6838.
Thus, we are left with five promising clusters, which we now discuss in turn.
NGC 104 has eight candidate stars, but it also poses the challenge that the Besançon model predictions overlap the part of parallax and PM space where NGC 104 stars are expected. Therefore, for this cluster we decided to restrict our final analysis to only the stars within 0.5R tidal from the centre, which is where the cluster-to-foreground star ratio should be largest. There are five stars that meet this criterion, and all of them clump in PM space around the expected NGC 104 PM value. While we cannot strictly rule out that any of these five stars are foreground, we can rule out that a significant fraction of them are foreground, since the Besançon models predict a much larger PM dispersion for such stars. One of the five candidate member stars also has an RV estimate within 3σ of the cluster value (in fact, at 1.2σ). This does lend further credence to their membership (although we find that 65% of the Besançon stars also have RVs predicted to be within 3σ of the cluster value).
NGC 5272 has only a single candidate, however, it is very close to the cluster centre and the agreement in PM and parallax is excellent. Furthermore, both cluster and star sit far away from the Besançon predictions. We believe that this star is a member of NGC 5272, though we acknowledge that it is hard to be certain for a single star.
NGC 6121 has five candidates; all lie well within the tidal radius and all have PMs and parallaxes consistent both with the cluster and each other and are inconsistent with the Besançon predictions. We note that one star is slightly offset from the others, however, its proximity to the centre and its position relative to a cluster isochrone both mark it as a promising candidate. Unfortunately, this offset star is not augmented by RV data, however, two other candidates do have RV estimates: one lies at ∼ 0.2σ from the cluster value and the other at ∼ 1.1σ from the cluster value, thus indicating that they are indeed bona fide cluster members. We believe all five stars are cluster members.
NGC 6397 has seven candidates, all of which are clearly offset from the bulk of the Besançon predictions in PM. One star (light blue) also has an RV measurement within 1σ of the cluster measurement, however, ∼22% of the Besançon stars have RVs within 3σ of the cluster value, so RV is not a strong indicator of cluster membership. Nevertheless, we believe that all seven stars are members.
NGC 6656 has three candidates, all of which have parallaxes and µ δ measurements consistent with the Besançon population; two (yellow and green) are clearly offset in µ α * from the bulk of the background predictions but the third (blue) does sit at the edge of the predicted background distribution; as this star also sits outside of the tidal radius and is somewhat redward of the expected cluster isochrones, we remove it from our analysis. Of the remaining two stars, the star coloured yellow has an RV measurement that is 2σ offset from the cluster value. Fewer than 3% of the Besançon stars have RVs within 3σ of the cluster velocity, so RV is indeed a strong indicator of cluster membership for this cluster. We believe that the remaining two stars are members.
In summary, we are confident that we have identified 20 GC member stars: 5 stars in NGC 104, 1 star in NGC 5272, 5 stars in NGC 6121, 7 stars in NGC 6397, and 2 stars in NGC 6656. In Table 1 , we provide the TGAS and Tycho2 properties for all stars in these clusters that passed the parallax-PM likelihood cut, along with their known RVs, and the likelihoods calculated in Section 2.3. Stars marked with a are those in the final sample that we believe to be bona fide members.
Perhaps unsurprisingly, NGC 6121, NGC 6397, and NGC 6656 are three of the four closest clusters.
7 Thanks in part to their proximity, these clusters are among the best studied and so precise measurements of both their distances (parallaxes) and their absolute PMs are extremely valuable to aid our understanding of their nature and origins.
PROPER MOTIONS AND PARALLAXES
With just a single star in NGC 5272, there is little more we can do here; however, for the other clusters we can combine the TGAS estimates and uncertainties to calculate weighted average parallaxes and PMs for the clusters. To do this, we perform a Monte-Carlo sampling using the member stars identified in TGAS to estimate the cluster PM and parallax along with their covariance.
We also evaluate the probability of any identified member star being a foreground interloper by calculating the χ 2 in parallax for the member stars relative to the literature value, and then the corresponding p-value (probability of a χ 2 this high or higher occurring by chance). For all clusters, we find p 0.05, which indicates that there is no statistical basis to assume that any of the stars in our final samples must be an interloper (although this can never be fully excluded).
All of our results are presented in Table 2 and are compared to results from previous studies in the following subsections. Comparing our parallax estimates to previous measurements is subtly non-trivial, since usually previous studies have estimated distances or distance moduli, so two types of measurements (along with their uncertainties) must be converted into the third type for comparison. The choice of which measurement type to use for comparison is somewhat arbitrary, and we choose to compare distances here, as cluster distances are commonly the quantity that we wish to know.
NGC 104 (47 Tucanae)
For NGC 104, we find parallax = 0.531±0.210 mas, RA PM µ α * = 5.50 ± 0.70 mas/yr, and Dec PM µ δ = −3.99 ± 0.55 mas/yr, with correlation terms ρ( , µ α * ) = −0.440, ρ( , µ δ ) = −0.503, and ρ(µ α * , µ δ ) = −0.332. In Figure 3 , the upper and middle panels show the parallaxes and PMs of the five TGAS stars (black) and our averages (red).
There are five previous PM estimates for NGC 104: Cud- Notes. Columns: (1) Gaia ID; (2) Right Ascension; (3) Declination; (4) parallax; (5) PM in Right Ascension; (6) PM in Declination; (7) Tycho2 B magnitude; (8) Tycho2 V magnitude; (9) radial velocity from RAVE; (10) nearest cluster centre; (11) logarithm of position likelihood; (12) logarithm of parallax and PM likelihood; (13) logarithm of total likelihood. Stars marked are those we identify as cluster members and use in Section 3 to derive the cluster properties in Table 2 . Uncertainties and correlations are not listed, but are available from the TGAS, Tycho2 and RAVE catalogues. worth & Hanson (1993) measured µ α * = 3.4 ± 1.7 mas/yr and µ δ = −1.9 ± 1.5 mas/yr from the ground; Odenkirchen et al. (1997) measured µ α * = 7.0 ± 1.0 mas/yr and µ δ = −5.3 ± 1.0 mas/yr using Hipparcos data; Freire et al. (2003) measured µ α * = 5.3±0.6 mas/yr and µ δ = −3.3±0.6 mas/yr using radio observations of millisecond pulsars (MSPs); measured µ α * = 5.88 ± 0.18 mas/yr and µ δ = −2.53 ± 0.18 mas/yr using HST/WFPC2 8 ; and 8 We did not use the absolute PM given in ; instead we used their measured motion of NGC 104 relative to the Small Magellanic Cloud (SMC) combined with the SMC PM measurement from Kalli- Cioni et al. (2016) measured µ α * = 7.26 ± 0.03 mas/yr and µ δ = −1.25 ± 0.03 mas/yr using ground-based data from VISTA. These points are shown in the PM panel (centre left) of Figure 3 as orange, green, cyan, blue, and purple points, respectively.
Our PM estimate shows best agreement with the estimate derived from MSP timing by Freire et al. (2003) and the HST measurement by ; for the latter, our RA PM is in very good agreement, though are Dec PM is slightly larger than theirs. −0.53 kpc. NGC 104 is one of the best studied Galactic GCs and so there are many estimates of its distance in the literature; for a complete overview of previous distance determinations, see Table 2 of Woodley et al. (2012) . Here we compare with only a subset of these chosen to cover a wide variety of estimation methods: Gratton et al. (2003) +0.14 −0.13 kpc using white dwarf (WD) spectral energy distributions (SEDs); and Watkins et al. (2015a) used estimated D = 4.15±0.08 kpc using stellar kinematics. We show these distance estimates along with our own in the lower panel of Figure 3 . Our distance estimate is considerably smaller than all of the previous distance estimates for NGC 104.
NGC 104 is the only cluster of the five in our sample for which the TGAS distance estimate is not consistent at 1σ with literature estimates. It is is possible that this reflects some level of foreground contamination in our sample of five stars.
9
Three of the stars have individual parallax estimates consistent with the known NGC 104 distance, while the other two do not (see Figure 3 , top-left and middle-right panels).
NGC 5272 (M 3)
For NGC 5272, we have only one member star, so we do not perform a Monte-Carlo sampling but instead report the TGAS values for the single member star. The TGAS estimate finds parallax = 0.225 ± 0.289 mas, RA PM µ α * = −0.69 ± 0.51 mas/yr, and Dec PM µ δ = −2.85 ± 0.37 mas/yr, with correlation terms ρ( , µ α * ) = −0.197, ρ( , µ δ ) = −0.593, and ρ(µ α * , µ δ ) = 0.319. In Figure 4 , the upper and middle panels show the parallax and PMs of the identified TGAS star.
There are five previous PM estimates for NGC 5272; unfortunately there are no HST measurements for comparison, all are ground-based estimates and they are as follows. Cudworth & Hanson (1993) measured µ α * = −1.2 ± 2.5 mas/yr and µ δ = 2.4 ± 3.0 mas/yr from the ground; Scholz et al. (1993) measured µ α * = −3.1 ± 0.2 mas/yr and µ δ = −2.3 ± 0.4 mas/yr using photographic plates; Odenkirchen et al. (1997) measured µ α * = 0.9 ± 1.0 mas/yr and µ δ = −2.2 ± 1.0 mas/yr using Hipparcos data; Geffert (1998) measured µ α * = −1.2 ± 0.8 mas/yr and µ δ = −3.2 ± 0.8 mas/yr also using Hipparcos stars; and Wu et al. (2002) measured µ α * = −0.06 ± 0.3 mas/yr and µ δ = −2.6 ± 0.3 mas/yr using photographic plates spanning a 70 year baseline. The latter four points are shown in the PM panel (centre left) of Figure 4 as orange, green, cyan, and blue points, respectively. The estimate by Cudworth & Hanson (1993) is not shown as it is significantly offset from the others and is not located within the plot limits. The TGAS PM estimate shows best agreement with the estimate derived using photographic plates by Wu et al. (2002) and the Hipparcos measurement by Geffert (1998) .
Our parallax of = 0.225 ± 0.289 mas corresponds to a distance of D = 4.44 +∞ −2.50 kpc. The upper error bar on the 9 Though, as noted above, we find a p 0.05 for the cluster, so it is statistical unlikely that any interlopers remain. distance is unconstrained, since the lower error bar on the parallax extends below zero, which, as previously discussed, is unphysical but statistically rigourous. NGC 5272 has a number of previous estimates of its distance in the literature; here we compare with only a subset of these chosen to cover a wide variety of estimation methods: Cudworth (1979) estimated D = 9.6±2.6 kpc from cluster kinematics; Sandage & Cacciari (1990) .33 ± 0.24 kpc using RR Lyrae pulsations. We show these distance estimates along with our own in the lower panel of Figure 4 . Our distance estimate is considerably smaller than all of the previous distance estimates for NGC 5272.
NGC 6121 (M 4)
For NGC 6121, we find parallax = 0.556 ± 0.149 mas, RA PM µ α * = −12.51 ± 0.50 mas/yr, and Dec PM µ δ = −18.33 ± 0.29 mas/yr, with correlation terms ρ( , µ α * ) = 0.589, ρ( , µ δ ) = 0.519, and ρ(µ α * , µ δ ) = 0.488. In Figure 5 , the upper and middle panels show the parallaxes and PMs of the 5 TGAS stars (black) and our averages (red).
To define membership probabilities in Section 2.3, we used the PM from CD13 as a reference. In fact, the PM for NGC 6121 given in that catalogue is a combination of three separate studies and so we compare our PM again each of those studies here: Dinescu et al. (1999a) measured µ α * = −12.50 ± 0.36 mas/yr and µ δ = −19.93 ± 0.35 mas/yr from SPM photographic plates using Hipparcos stars as a reference frame; Bedin et al. (2003) measured µ α * = −13.21±0.35 mas/yr and µ δ = −19.28±0.35 mas/yr using HST/WFPC2 data; and Kalirai et al. (2004) measured µ α * = −12.26±0.54 mas/yr and µ δ = −18.95±0.54 mas/yr also using HST/WFPC2 but with a longer baseline. These points are shown in the PM panel (centre left) of Figure 5 as orange, green, and cyan points, respectively. Our PM in RA is consistent with all three studies, but our PM in Dec is in much better agreement with the two HST PMs than the ground-based PM. HST tends to be less susceptible to various kinds of errors than ground-based measurements, so the good agreement between the HST and TGAS estimates is very encouraging. This is also consistent with the conclusions from van der Marel & Sahlmann (2016) who recently studied rotation in the Large and Small Magellanic Clouds using TGAS and found excellent agreement between the TGAS estimates and earlier HST studies.
There is one further estimate of the PM of NGC 6121 that used bright field stars to create a reference frame to measure µ α * = −11.6 ± 0.7 mas/yr and µ δ = −16.3 ± 0.9 mas/yr (Cudworth & Rees 1990 , shown in blue), which is significantly offset from the other previous studies and our own TGAS estimate.
Our parallax of = 0.556 ± 0.149 mas corresponds to a distance of D = 1.80
+0.66
−0.38 kpc. This is in good agreement with the distance of D = 2.2 kpc from H96, which we inverted to obtain a parallax for the membership probability analysis in Section 2.3. As the closest GC, M4 has been well studied, so there are many estimates of its distance in the literature, and in fact the H96 value is among the largest. We summarise a selection here covering a wide variety of estimation methods: Peterson et al. (1995) used PMs and LOS velocity dispersions to estimate a distance of D = 1.72 ± 0.14 kpc; Hendricks et al. (2012) used the luminosity of the HB to measure D = 1.80 ± 0.05 kpc; Kaluzny et al. (2013) used three eclipsing binaries in NGC 6121 to measure D = 1.82 ± 0.04 kpc; and Neeley et al. (2015) used RR Lyraes to measure D = 1.91 ± 0.07 kpc. We show these distance estimates along with our own in the lower panel of Figure 5 .
Our distance estimate is consistent with all previous estimates within their uncertainties, however, our distance uncertainty is considerably larger than the previous results.
NGC 6397
For NGC 6397, we find parallax = 0.205 ± 0.223 mas, RA PM µ α * = 3.03 ± 1.09 mas/yr, and Dec PM µ δ = −17.88 ± 1.36 mas/yr, with correlation terms ρ( , µ α * ) = −0.066, ρ( , µ δ ) = 0.036, and ρ(µ α * , µ δ ) = 0.755. In Figure 6 , the upper and middle panels show the parallaxes and PMs of the seven TGAS stars (black) and our averages (red).
There are four previous PM estimates for NGC 6397: Cudworth & Hanson (1993) measured µ α * = 3.3 ± 0.5 mas/yr and µ δ = −15.2 ± 0.6 mas/yr from the ground; Milone et al. (2006) measured µ α * = 3.39 ± 0.15 mas/yr and µ δ = −17.55 ± 0.15 mas/yr using HST/WFPC2 data; Kalirai et al. (2007) measured µ α * = 3.56 ± 0.04 mas/yr and µ δ = −17.34 ± 0.04 mas/yr using a combination of HST/WFPC2 and HST/ACS data; and CD13 measured µ α * = 3.69 ± 0.29 mas/yr and µ δ = −14.88 ± 0.26 mas/yr using a combination of photographic plates and ground-based CCD images. These points are shown in the PM panel (centre left) of Figure 6 as orange, green, cyan, and blue points, respectively. Note that all of these measurements are in reasonable agreement in µ α * , but are discrepant at ∼ 2 mas/yr in µ δ . We find that our µ δ estimate is in much better agreement with the two HST PMs than the two ground-based PMs. This trend is consistent with our findings for NGC 6121 in Section 3.3.
Our parallax of = 0.205 ± 0.223 mas corresponds to a distance of D = 4.88 +∞ −2.55 kpc. Our upper error bar on the distance is unconstrained, since the lower error bar on the parallax for NGC 6397 extends below zero, which, as previously discussed, is unphysical but statistically rigourous.
There are a number of previous distance estimates in the literature, of which we show a representative sample here, obtained using different methods: Reid & Gizis (1998) −0.11 kpc by combining PMs and LOS velocities. We show these distance estimates along with our own in the lower panel of Figure 6 . Our result is larger than all of these previous estimates, but is Kalirai et al. (2007, cyan, HST) , and CD13 (blue, ground-based). The PMs we measure are consistent with the previous HST measurements, albeit with uncertainties an order of magnitude larger and significantly offset from the previous ground-based measurements. Lower panel: distance comparison for NGC 6397. We invert our parallax measurement to obtain a distance estimate (red); no upper error bar is shown, since lower error bar on the parallax extended below zero, corresponding to unphysical results but effectively indicating that the upper limit on the distance uncertainty is infinite. We also show previous distance estimates from Reid & Gizis (1998, orange , MS fitting), Gratton et al. (2003, green , MS fitting), Hansen et al. (2007, cyan , WD sequence), Heyl et al. (2012, blue, dynamical) , and the estimate from Watkins et al. (2015a, purple, dynamical) . Our distance uncertainties are significantly larger than previous estimates, however, our distance estimate is consistent within the previous results within the very large error bars.
consistent within 1σ.
NGC 6656 (M 22)
For NGC 6656, we find parallax = 0.509 ± 0.222 mas, RA PM µ α * = 8.64 ± 1.49 mas/yr, and Dec PM µ δ = −5.09 ± 1.45 mas/yr, with correlation terms ρ( , µ α * ) = −0.194, ρ( , µ δ ) = −0.160, and ρ(µ α * , µ δ ) = 0.935. In Figure 7 , the upper and middle panels show the parallaxes and PMs of the two TGAS stars (black) and our averages (red).
There are three previous PM estimates for NGC 6656: Cudworth & Hanson (1993) measured µ α * = 8.6±1.3 mas/yr and µ δ = −5.1 ± 1.5 mas/yr from the ground; Chen et al. (2004) measured µ α * = 10.19 ± 0.20 mas/yr and µ δ = −3.34 ± 0.10 mas/yr using HST/WFPC2 data; and CD13 measured µ α * = 7.37 ± 0.50 mas/yr and µ δ = −3.95 ± 0.42 mas/yr using a combination of photographic plates and ground-based CCD images. These points are shown in the PM panel (centre left) of Figure 7 as orange, green, and cyan points, respectively. CD13 advises caution considering the Chen et al. (2004) HST result, as they note that bulge stars were used to create the reference frame and that the possible (and likely) motion of the bulge stars was not factored into the analysis, , and CD13 (cyan, ground-based). The PMs we measure are consistent with the previous measurements, albeit with uncertainties an order of magnitude larger. Lower panel: distance comparison for NGC 6656. We invert our parallax measurement to obtain a distance estimate (red). We also show previous distance estimates from Cudworth (1986, orange, HB fitting), Peterson & Cudworth (1994, green, dynamical) , Monaco et al. (2004, cyan , HB fitting), Kunder et al. (2013, blue, RR Lyraes) , and Watkins et al. (2015a, purple, dynamical) . Our distance uncertainties are significantly larger than previous estimates, however, our distance estimate is consistent within the previous results within the our uncertainties.
nevertheless we do make a comparison here. We find that our PM estimate is consistent with all three studies, indeed it is in exceptional agreement with the groundbased PM estimate from Cudworth & Hanson (1993) . Contrary to the two previous clusters, we do not find the best agreement with the previous HST estimate, possibly for the reasons discussed above.
Our parallax of = 0.509 ± 0.222 mas corresponds to a distance of D = 1.96 +1.51 −0.59 kpc. There are a number of previous distance estimates in the literature obtained using different methods: Cudworth (1986) estimated D = 3.2 ± 0.3 kpc (which is the value quoted in H96) and Monaco et al. (2004) −0.18 kpc using RR Lyraes. We show these distance estimates along with our own in the lower panel of Figure 7 . This time, our result is lower than all of the previous estimates, but is consistent within the error bars. Once again, our distance uncertainties are an order of magnitude larger than for previous estimates. Notes. Columns: (1) cluster name; (2) Right Ascension; (3) Declination; (4) adopted distance (sources: Bono et al. (2008 , NGC 104), Ferraro et al. (1999 , Hendricks et al. (2012, NGC 6121) , Gratton et al. (2003, NGC 6397) , and Kunder et al. (2013, NGC 6656) ).
We can combine our PM estimates with sky coordinates, distances, and heliocentric RVs to determine the implied Galactocentric motion of the GCs. We use our PM estimates for this analysis, but not our distance (parallax) estimates, as it is clear those are less precise than literature values. The sky coordinates and distances we used here are listed in Table 3 .
We adopt a Cartesian coordinate system (X, Y, Z) centred on the Galactic Centre, where the X-axis points in the direction from the Sun to the Galactic Centre, the Y -axis points in the direction of the Sun's Galactic rotation, and the Z-axis points toward the North Galactic Pole.
To transform the measured heliocentric velocities into velocities (U, V, W ) in the Galactocentric rest frame, we adopt a distance from the Sun to the Galactic Centre of R 0 = 8.29 ± 0.16 kpc, and a circular velocity of the local standard of rest (LSR) of V 0 = 239 ± 5 km/s (both McMillan 2011). We also assume a solar peculiar velocity relative to the LSR of (U pec , V pec , W pec ) = (11.10 ± 1.23, 12.24 ± 2.05, 7.25 ± 0.63) km/s (Schönrich et al. 2010) .
To estimate Galactocentric velocities and their uncertainties, we use a Monte-Carlo scheme that propagates all observational distance and velocity uncertainties and their correlations, including those for the Sun. We also provide Galactocentric radial v rad and tangential v tan velocities defined in a spherical coordinate system, where v rad is positive outward from the Galactic Centre and v tan is the magnitude of the motion perpendicular to the radial motion. We also calculate the radial Π and tangential Θ velocities in a cylindrical coordinate system, where Π is again positive outward from the Galactic Centre and Θ is positive in the direction of Galactic rotation. Our results are summarised in Table 4 . Zinn (1985) separated Galactic GCs into two subpopulations based on their metallicities and orbital properties: those belonging to the disk ([Fe/H] > −0.8) and those belonging to the halo ([Fe/H] < −0.8). Overall, the disk clusters have a lower orbital eccentricity and are confined to the Galactic plane, while the halo clusters span a range of eccentricities and explore greater distances from the disk plane.
In their orbital analysis, Odenkirchen et al. (1997) noted that the orbital energy of NGC 104 is very close to its corresponding circular orbit (ie. the energy of a circular orbit at its current Galactocentric distance). They noted that the orbital properties of NGC 104 were somewhat offset from the rest of their sample, which were all thought to be halo clusters, and so concluded that NGC 104 is a disk cluster. This conclusion was also reached by Cudworth & Hanson (1993) , who noted that the space velocity of NGC 104 marks it as a thick-disk cluster, despite its relatively large distance from the plane.
NGC 5272 is currently located almost 10 kpc above the plane of the disk, so it is extremely likely to be a halo cluster. All five of the previous PM studies discussed in Section 3.2 performed space motion analyses. Cudworth & Hanson (1993) found that the orbit of NGC 5272 was very uncertain in their analysis; nevertheless, they concluded that the orbit was more consistent with the Zinn (1985) halo population, as expected. Their space motion was somewhat different from the other studies, but all of the other studies reached broadly similar conclusions: NGC 5272 is a halo cluster with a boxlike orbit (Scholz et al. 1993; Wu et al. 2002) and is likely near its apocentre (Geffert 1998) .
NGC 6121 is located very close to the Galactic plane and has a very small Z component of velocity, which implies that it spends most of its time in the disk. However, both Dinescu et al. (1999a) and Bedin et al. (2003) found very radial orbits for NGC 6121, and their extreme eccentricities favour NGC 6121 as being a halo cluster on a very low inclination orbit and not a disk cluster. The PM determination of Cudworth & Hanson (1993) was significantly offset from all other previous estimates, however, their conclusions on the orbit of NGC 6121 were nonetheless broadly similar.
Our space motion for NGC 6121 is in reasonable agreement with the analyses by Dinescu et al. (1999a) and Bedin et al. (2003) , but shows best agreement with that calculated by Kalirai et al. (2004) -which is to be expected given the very good agreement between our PM determination and theirsexcept for the sign of W . This sign discrepancy is not surprising, as we find a very small W component that is consistent with both positive and negative W velocities within 1σ. Small changes in the assumed parameters will change the sign of the W velocity, but this has little effect on our overall conclusions. Dinescu et al. (1999a) also estimated the tidal-shock rate of NGC 6121 based on its orbit and found that this is larger than the two-body relaxation time in the cluster; this indicates that tidal shocks due to the bulge and the disk have likely had a significant influence on the evolution of the cluster. Again, it is not surprising that a cluster confined to the disk should be strongly affected by tides.
NGC 6397 is also currently located close to the disk plane, however, the high W velocity implies that it does move away from the plane and is most likely a halo cluster, as expected from its low [Fe/H] metallicity. This is consistent with more detailed orbital analyses by Cudworth & Hanson (1993) and CD13 which concluded that NGC 6397 has a "typical halolike orbit" (following Zinn 1985) . Milone et al. (2006) found that NGC 6397 has a boxy orbit that oscillates rapidly through the disk. Thanks to the moderate eccentricity of the orbit, NGC 6397 does not move too far from the Galactic centre; thus, it passes through high-density regions of the disk and is expected to be affected by tidal shocks.
Similarly, NGC 6656 is also currently located close to the disk plane but its W velocity suggests that it does move away from the disk, so it is more likely to be a halo cluster. From detailed studies of the implied orbit, both Cudworth & Hanson (1993) and CD13 also concluded that NGC 6656 is a halo cluster. This is not surprising given that NGC 6656 is metalpoor and also shows signs of inhomogeneous element abundances (e.g., Norris & Freeman 1983) , which is thought to indicate extended star formation (e.g., Marino et al. 2011) and point to an extragalactic origin (e.g., Lee et al. 2009 ). NGC 6656 is also likely to be vulnerable to tides from re- . In some cases, the HST and non-HST measurements are discrepant at more than 5σ. The green histogram shows the offsets between literature HST PM measurements and our TGAS PM measurements. All HST and TGAS measurements agree within 3σ.
peated passages through the disk. This is borne out by observations: Ness et al. (2013) found a population of stars in their ARGOS study of the bulge that had properties consistent with NGC 6656, which could be extratidal stars from the cluster. Kunder et al. (2014) also found a candidate extratidal star of NGC 6656 in RAVE data.
5. DISCUSSION AND CONCLUSIONS In this pilot study, we have identified a total of 20 members of 5 Galactic GCs in the TGAS catalogue from Gaia DR1 -5 stars in NGC 104 (47 Tuc), 1 star in NGC 5272 (M 3), 5 stars in NGC 6121 (M 4), 7 stars in NGC 6397, and 2 stars in NGC 6656 -and used these stars to determine the PMs and parallaxes of these clusters. These first Gaia PMs for GCs provide new insights into their dynamics. The parallaxes instead, while consistent with existing knowledge, are not yet competitive with other methods for determining GC distances.
We reviewed all existing PM measurements for the GCs in our final sample. Existing PM estimates for the same cluster do not generally agree with each other within the random errors; in some cases, measurements disagree by 5σ or more (see Figure 8 , blue histogram). Hence, the accuracy of the existing PM measurements is generally dominated by systematic errors, and not random errors, as is often the case in astrometry. By contrast, the TGAS catalogue combines measurements from Hipparcos and Gaia: two space missions with stable and well-calibrated platforms designed specifically to do astrometry. The main value of our TGAS analysis is therefore that it provides a homogeneous study of multiple GCs based on an astrometric catalogue with well-controlled systematics.
We have not explicitly included possible spatial correlations in TGAS PM errors (Gaia Collaboration et al. 2016; Lindegren et al. 2016 ) in our analysis. The effect of such correlations would be to underestimate the random error in the weighted average PM of a stellar sample (Kroupa & Bastian 1997) . Gaia DR1 has a nominal systematic positional accuracy of ∼ 0.3 mas. Over the ∼ 25 yr time baseline with the Hipparcos mission, this introduces a PM error of only ∼ 0.01 mas/yr. van der Marel & Sahlmann (2016) found the agreement between TGAS and HST PMs for the Magellanic Clouds to be significantly better than 0.1 mas/yr. This further bounds the size of any possible PM systematics. Systematic PM errors in the TGAS PMs are therefore well below the size of the random PM errors for our GCs in Table 2 (which range from 0.29 to 1.49 mas/yr).
The random PM errors from our analysis are comparable to those from many existing studies, but do not yet improve upon them. In general, the PM diagrams presented here show that our measurements are consistent with the "scatter clouds" of measurements from previous studies. A detailed assessment shows that our measurements are generally fully consistent with existing HST-based measurements (see Figure 8 , green histogram), but not with all existing ground-based measurements. This agrees with the findings of van der Marel & Sahlmann (2016) , who found excellent agreement between measurements of the PMs of the Magellanic Clouds from TGAS and HST. We therefore conclude that: (1) since TGAS and HST use very different methods for astrometry, our GC results provide further external validation of both data sets and their underlying approaches; and (2) many ground-based GC PM measurements suffer from systematic uncertainties in excess of the random errors.
We also combined our PMs with literature RVs and distances to calculate absolute Galactocentric space motions for the clusters, corrected for peculiar motion of the Sun relative to the LSR and for rotation of the LSR about the Galactic Centre. Our space motions are broadly consistent with previous orbital analyses.
Our results highlight the promise of future Gaia data releases for the determination of parallaxes and PMs in Galactic GCs. Comparing parallax distances from Gaia with previous photometric and dynamical distance estimates will pro-vide crucial verification of all three methods, and improved distances and PMs will further constrain GC orbits. With future releases, Gaia PMs will be able to resolve the internal motions of nearby Galactic GCs as well as measure global motions as we have done here.
Gaia PMs and HST PMs are highly complementary, as the two observatories have different strengths. At present, the majority of HST PMs for the inner GCs are relative, due to the difficulty of finding sufficient fixed background sources in the crowded GC fields that can be used to create an absolute reference frame (Bellini et al. 2014 ). This does not affect velocity dispersion or anisotropy determination (Watkins et al. 2015b ) but does not allow for measurement of rotation, or indeed the global motion of the GC. Gaia PMs are absolute, so they will provide crucial constraints on cluster rotation and on their global motions. By contrast, HST can measure PMs down to fainter magnitudes, so it can go deeper for the nearby clusters, and can measure PMs for more distant clusters than Gaia will be able to achieve. Thus, HST PMs will be crucial for constraining the shape of the outer MW halo. HST will also provide more accurate astrometry in the crowded centres of clusters (though these regions are challenging even for HST).
For now, HST remains the best source of GC PMs, however, in the future the the best choice will depend on the particular science goals. Combined together, Gaia and HST PMs will provide the greatest coverage, depth, and accuracy of all and will revolutionise our understanding of both individual clusters and the entire MW GC population.
APPENDIX ADDITIONAL FIGURES
In Section 2.5, we determined whether stars identified as candidate cluster members are photometrically consistent with their nearest cluster. We showed the results of this analysis for NGC 6656 in Figure 1 as an example. Figure 9 shows the results for the other 14 clusters for which we performed this analysis.
In Section 2.6, we determined whether stars identified as candidate cluster members are consistent with predictions for the foreground population from the Besançon simulations. We showed the results of this analysis for NGC 6656 in Figure 2 as an example. Figure 10 and Figure 11 show the results for the other 10 clusters for which we performed this analysis. 
